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We have tested the hypothesis that the autoamplification of two-component regulatory systems results in
“learning” behavior, i.e., that bacteria respond faster or more extensively to a signal when a similar signal has
been perceived in the past. Indeed, the induction of alkaline phosphatase activity upon phosphate limitation
was faster if the cultures had been limited for phosphate previously, and this faster response correlated with
the autoamplification of the cognate two-component system.
The adaptation of bacteria to fluctuating environmental con-
ditions often proceeds via two-component regulatory systems,
which usually consist of a sensor in the cytoplasmic membrane
and a cytoplasmic response regulator (16, 24). Upon stimula-
tion, the sensor autophosphorylates and the phosphoryl group
is subsequently transferred to the cognate regulator, eventually
resulting in a suitable response, e.g., the activation of the
transcription of a specific set of genes. An example of a two-
component regulatory system is found in the pho regulon of
Escherichia coli (29). Growth of E. coli under inorganic phos-
phate (Pi) limitation results in the induction of the synthesis of
many proteins, including the periplasmic enzyme alkaline
phosphatase (28) and the high-affinity uptake systems for Pi
(the Pst system) (26) and for sn-glycerol-3-phosphate and sn-
glycerophosphoryl diesters (the Ugp system) (15). These pro-
teins function to scavenge traces of Pi or phosphorylated com-
pounds from the extracellular medium. The expression of the
genes encoding these proteins is controlled by a two-compo-
nent regulatory system consisting of the sensor PhoR and the
transcriptional activator PhoB (11, 12). In addition to PhoR
and PhoB, the Pst system plays a role in regulation, since
disruption of any of the genes of the pstSCAB-phoU operon
usually leads to the constitutive expression of the pho regulon
(29).
The regulatory genes phoB and phoR form an operon, which
is subject to autoamplification (6, 22), meaning that signal
transfer through the PhoB-PhoR system stimulates its own
expression. Such autoamplification of the regulatory genes has
been reported for several two-component regulatory systems
(for examples, see references 4 and 18). However, its physio-
logical role has not been studied explicitly so far. Provided that
the regulatory proteins PhoB and PhoR are stable, their am-
plification upon signal transduction could, among other possi-
bilities, lead to some kind of “learning” behavior, i.e., it could
allow the cells to respond faster or more extensively when the
system is repeatedly triggered. In this study, we have evaluated
this behavior of E. coli in its response to Pi limitation.
Isolation of a phoA(Ts) mutant. To determine whether au-
toamplification of signal transduction components leads to
faster responses upon repeated stimulation, we wanted to mea-
sure the kinetics of the induction of the pho regulon. Expres-
sion of at least one component of the pho regulon, i.e., phoA
encoding alkaline phosphatase, can be determined quantita-
tively (27). To ensure that the background enzyme activity is
low even after repeated exposure to Pi limitation, we decided
to isolate a temperature-sensitive phoA mutant. Strain
MC4100 (3) was mutagenized with ethyl methanesulfonate
(EMS) (14) and plated on HEPES-buffered synthetic medium
(27) containing 0.5% glucose, supplemented with 40 mM
K2HPO4 (low-Pi medium [LPi]) and with 40 mg of the alkaline
phosphatase substrate 5-bromo-4-chloro-3-indolylphosphate
(XP) (2) ml21 and solidified with 2% agarose. After overnight
incubation at 42°C, white colonies were picked, streaked on
similar LPi plates, and incubated at either 30 or 44°C. One of
the colonies that was blue after overnight incubation at 30°C
but remained white after incubation at 44°C was designated
CE1477 and studied in detail. Alkaline phosphatase was in-
duced after growth of the strain in LPi medium at 30°C, in-
duced only poorly at 37°C, and induced not at all at 44°C (Fig.
1A). Furthermore, the protein could be demonstrated on
Western blots (1) after growth of the cells at 30°C but not at
44°C, whereas its detection was not influenced by the growth
temperature in the case of the parental strain MC4100 (Fig.
1B). In contrast, induction of the synthesis of the Pi-binding
protein (encoded by the pstS gene) (Fig. 1B) and of UgpC
(results not shown) in strain CE1477 was not affected at the
higher growth temperature, indicating that the temperature-
sensitive mutation was located in the phoA gene rather than in
a regulatory gene. This supposition was confirmed by PCR
amplification of the phoA allele of strain CE1477 using primers
phoA1 (59-AAGCTTTGGAGATTATCGTC-39) and phoA2
(59-CCATGAGCGTATGCGCCC-39) and its subsequent
cloning in the HincII site of pUC18 (30). After introduction of
the recombinant plasmid in phoA mutant strain DH5a (19)
and plating on LPi medium containing XP, the colonies result-
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ing after overnight growth at 30°C were blue, whereas they
were white after incubation at 42°C. Sequencing of the phoA
allele on two plasmids, obtained after independent PCRs, re-
vealed a single mutation resulting in a Gly258Ser substitution
in alkaline phosphatase in both cases. Thus, we have isolated a
strain that will allow for the autoamplification of the signal
transduction components under Pi limitation at 42°C without
the concomitant increase of alkaline phosphatase activity.
Stability of the signal transduction components. Regulatory
proteins are often proteolytically unstable, and their suscepti-
bility to proteolysis is presumed to play a key role in their
regulatory function (13). However, learning effects can only be
expected if the increased levels of the regulatory proteins
PhoR and PhoB can still be detected at a considerable time
after Pi limitation has been discontinued. To test the accumu-
lation of PhoR and PhoB, exponentially growing cells (in HPi
medium, which is LPi medium supplemented with 660 mM
K2HPO4 to create Pi-replete conditions; the generation time in
the logarithmic phase was approximately 56 min) of strain
CE1477 were harvested and incubated for 45 min in LPi me-
dium at 42°C. Western blot analysis confirmed induction of the
synthesis of the PhoR protein (Fig. 2, lane 4) and the PhoB
protein (results not shown) in these cells in comparison with
control cells that were kept under Pi-replete conditions (Fig. 2,
lane 3, and results not shown). When the cells were subse-
quently incubated in HPi medium at 30°C for 1 h, the increased
amounts of PhoR protein (Fig. 2, lane 6) and of PhoB protein
(results not shown) were still detectable. Apparently, PhoR
and PhoB are rather stable proteins. Alternatively, the mRNA
of the phoBR operon is very stable, but this explanation seems
unlikely considering the short half-lives of mRNAs in E. coli
(9).
Kinetics of the induction of alkaline phosphatase synthesis.
To test whether the accumulation of PhoB and PhoR during
the period of Pi limitation leads to a faster or more extensive
response when the cells encounter Pi limitation again, expo-
nentially growing cells of the phoA(Ts) mutant strain CE1477
were first incubated for 45 min in LPi at 42°C and then for 1 h
in HPi at 30°C as described above. Subsequently, the cells were
transferred to LPi medium and incubated at 30°C, and the
induction of alkaline phosphatase synthesis was measured as a
function of time. The induction of alkaline phosphatase syn-
thesis was clearly faster in the cells that had previously been
limited for Pi than in the control cells that were constantly kept
on high Pi during the preincubation procedure (Fig. 3A). The
faster induction was still detectable when the high-Pi period
between the two periods of Pi limitation was extended from 1
h to as much as 2 h (i.e., at early stationary phase), although
the difference from the induction in the control culture had
clearly diminished (results not shown). These results demon-
strated that the bacteria respond faster after exposure to an
initial stimulus in the recent past.
To verify that the learning behavior described above corre-
lated with the accumulation of the signal transduction compo-
FIG. 1. Expression of alkaline phosphatase in strain MC4100 and
its phoA(Ts) derivative, CE1477, at various temperatures. (A) Alkaline
phosphatase activities. Cells were grown overnight at 30, 37, or 44°C in
LPi medium or at 30°C in HPi medium before harvesting and deter-
mination of alkaline phosphatase activity. Two independent measure-
ments were performed with essentially the same results, and the data
from one of these experiment are shown. (B) Western blot analysis of
total cell proteins. Expression of alkaline phosphatase (PhoA) and Pi-
binding protein (PiBP) was detected using polyclonal antisera. Cells
were grown at 30 or 44°C in LPi medium or at 30°C in HPi medium.
Equal amounts of cells based on cell density were loaded on the gel.
The positions of the molecular size marker proteins are shown on the
left.
FIG. 2. Western blot analysis of total cell proteins of strain CE1477
using polyclonal antiserum directed against PhoR. The phoA(Ts)
strain CE1477 was grown overnight in HPi medium at 37°C. This
overnight culture was diluted 1:15 in HPi medium (optical density at
660 nm [OD660], ;0.075) and grown at 37°C until the culture reached
an OD660 of 0.4 (corresponding to 4 3 10
8 CFU ml21) (lanes 1 and 2).
Cells were harvested by centrifugation at 1,054 3 g for 10 min at room
temperature, resuspended in LPi medium, and subsequently incubated
for 45 min at 42°C (lane 4). After addition of K2HPO4 (end concen-
tration, 660 mM), the cells were grown for 1 h at 30°C (lane 6). A
control culture was treated similarly, except that it was resuspended in
HPi instead of LPi medium for the incubation at 42°C (lane 3) and no
additional Pi was added thereafter during the 1 h of growth at 30°C
(lane 5). Equal amounts of cells based on cell density were loaded on
a sodium dodecyl sulfate-polyacrylamide gel (10). The positions of the
molecular size marker proteins are shown on the left.
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nents during the first period of Pi limitation, a pstS mutation
was introduced by P1 transduction into the phoA(Ts) mutant
strain CE1477, using strain CE1488 (8) as the donor strain.
Mutations in pstS generally lead to the constitutive expression
of the pho regulon. Hence, except for pstS and phoA, all genes
of the pho regulon, including phoR and phoB, are expressed
constitutively when this strain, designated CE1478, is grown at
42°C. When this strain was subjected to incubation procedures
similar to those described above for strain CE1477, except that
it was kept at 42°C for the entire preincubation, the kinetics of
the appearance of alkaline phosphatase activity after the shift
to 30°C in LPi were independent of the Pi history of the cells
(Fig. 3B). Therefore, the different responses observed in the
case of strain CE1477 (Fig. 3A) are not a consequence of
unspecific physiological effects but appear to correlate with the
autoamplification of the signal transduction components.
Previously, we have hypothesized that the various two-com-
ponent systems that are present in a single bacterial cell may
constitute a phospho-neural network (7). An important char-
acteristic of a neural network is its ability to learn. Here we
have demonstrated that autoamplification of regulatory com-
ponents upon signal transduction indeed leads to learning be-
havior. The learning behavior is different from the growth
advantage that results from the accumulation of the appropri-
ate transporters and metabolic enzymes, which is observed
when cells are preincubated on, for example, a particular car-
bon source like maltose or lactose (20). This latter effect is
most appropriately called (physiological) adaptation. The
learning behavior described in the present study is also, both
mechanistically and effectively, different from the adaptation
effects observed in chemotaxis, a process based on the meth-
ylation of methyl-accepting chemotaxis proteins (25). How-
ever, the response that we describe is strongly reminiscent of
the boosting effects observed in the immune system, where the
term “learning” is being used (5).
Besides the pho regulon of E. coli, many other two-compo-
nent regulatory systems, including the BvgAS, PhoPQ, and
CpxAR and NtrI-NtrII (or NtrB-NtrC) regulators of Borde-
tella, Salmonella, and E. coli, respectively (17, 18, 21, 23), have
been reported to show autoregulation of the expression of the
signal transduction components. Therefore, learning behavior
might be a rather common feature in the response of bacteria
to environmental signals. It should be noted, however, that
additional physiological roles for the autoamplification of the
regulatory proteins of the two-component systems cannot be
excluded. For example, autoamplification may ensure that the
target gene expression is activated only after a minimum
threshold of the stimulus has been encountered (17), or it may
establish a hierarchy of target operon expression. Future ex-
periments will be directed to investigate such additional roles
for autoamplification in the pho regulon.
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